This paper proposed the scheme of transmission lines distance protection based on differential equation algorithms (DEA) and Hilbert-Huang transform (HHT). The measured impedance based on EDA is affected by various factors, such as the distributed capacitance, the transient response characteristics of current transformer and voltage transformer, etc. In order to overcome this problem, the proposed scheme applies HHT to improve the apparent impedance estimated by DEA. Empirical mode decomposition (EMD) is used to decompose the data set from DEA into the intrinsic mode functions (IMF) and the residue. This residue has monotonic trend and is used to evaluate the impedance of faulty line. Simulation results show that the proposed scheme improves significantly the accuracy of the estimated impedance.
Introduction
Transmission lines are responsible for delivering a mass of energy from generator plants to load centers. Due to covering long distance outdoor, those lines have the highest fault rate in the power network. After faults occurring, they must be cleared immediately to decrease the disturbance the faults will impose on the power system.
Distance protection is one of the most used protective principles for transmission lines. The traditional distance relays which have been widely applied to transmission line calculate the impedance to the fault using the fundamental frequency component of the local voltage and local current [1] [2] . However, the operation time of these relays is at least one cycle and their performance can be affected by current transformer saturation, exponentially decaying current component (dc offset), etc. The travelling wave distance protections can achieve ultra high speed operation time [3] , while their reliability needs to be improved further. Unlike above protections, the differential equation algorithm (DEA) based distance protection can operate within 6 -8 ms after fault occurring [4] . This algorithm is not affected by dc offset and can make tripping decision before current transformer satura-tion [5] . Therefore, DEA is a promising distance relaying algorithm for transmission lines where faster operation time is required.
However, affected by various factors, such as the transient response characteristics of voltage transformer and current transformer, the distributed capacitance, etc, the result of DEA fluctuates up and down around the actual value frequently after a fault occurring [6] - [8] . The direct using of the result calculated from DEA might lead to mal-operation of relay. To overcome above problems, several schemes have been suggested. In [9] [10], an artificial neural network (ANN) based methods were presented to estimate the impedance of the faulty transmission line. In [11] [12] , several filtering algorithms have been applied to DEA based distance relaying system. However, ANN based methods are difficult to be trained and tested in engineering application and filtering algorithms cause the time delay for tripping decision of relay.
This paper presents a Hilbert-Huang transform (HHT) based scheme to extract high-frequency components of the results estimated by DEA. The data set obtained from DEA was decomposed into two parts: a collection of intrinsic mode functions (IMF) and a residue which has the characteristic of monotonic. Then, the residue was used to evaluate the impedance of the faulty line.
The Hilbert-Huang Transform
The Hilbert-Huang transform (HHT), presented by an American Scientist Norden E Huang and others in 1998 [13] [14] , is a time-frequency analysis method. In contrast to other methods like the wavelet transform which has been introduced to analyze linear but nonstationary data, The HHT works well for data that are nonlinear and nonstationary.
The Hilbert-Huang transform (HHT) consists of the empirical mode decomposition (EMD) and the Hilbert spectral analysis (HSA). The EMD method is the fundamental part of the HHT. Using the EMD method, any given signal can be decomposed into a collection of IMF. An IMF is defined as a function which meets the following definition:
1) In the whole data set, the number of extrema and the number of zero-crossings must either be equal or differ at most by one.
2) At any point, the mean value of the envelope defined by the local maxima and the envelope defined by the local minima is zero.
The EMD method is implemented to extract IMF through a sifting process. The procedure of the sifting is summarized as follows: 1) For a given signal, x(t), the EMD starts by identify all the local extrema.
2) Separately connect all the local maxima and the local minima with cubic splines interpolation to form the upper envelope, u(t), and the lower envelope, l(t).
3) The mean of the two envelopes is calculated as m 1 (t) = [u(t) + l(t)]/2. Take the difference between the signal and m 1 (t) as the proto-IMF, h 1 (t) = x(t) − m 1 (t).
4) Check h 1 (t) against the IMF criteria to determine if it is an IMF. 5) If h 1 (t) does not satisfy the IMF criteria, repeat step 1 to 4 on h 1 (t) as k times until the first IMF is realized. That is h 1(k−1) (t) − m 1k (t) = h 1k (t). Then, it is assigned as an IMF component, c 1 (t) = h 1k (t).
6) Repeat the step 1 to 5 on the residue, r 1 (t) = x(t) − c 1 (t).
7) The procedure ends when the residue, r n (t), becomes a monotonic function from which no more IMF can be extracted .
After completion of the above procedure, the signal can be written as follow:
where c i (t) is an IMF component and r n (t) is the residual.
The Differential Equation Algorithm
In order to derive the differential equation algorithm (DEA), the following presumptions are required:
1) The voltage transformer is ideal in the frequency range from 50 to 500 Hz.
2) The transmission line is perfectly transposed.
3) The shunt capacitances of the line are neglected.
A briefly derivation of DEA will be mentioned subsequently and details of DEA is described in [15] . The protected transmission line is modeled as follows:
where u a , u b , u c and i a , i b , i c are the phase quantities of voltages and currents, respectively. The zero sequence current is calculated as i 0 = (i a + i b + i c )/3. R 1 , and L 1 are the positive sequence resistance and inductance, respectively, and R 0 and L 0 are the zero sequence resistance and inductance, respectively. The parameters k r and k l are the relative line length for the positive sequence resistive part and the positive sequence inductive part, respectively. For a faulty transmission line, both k r and k l should be bounded between 0 and 1. In an ideal case, k r should be equal to k l . According to Equation (2), the equations for each specific fault type can be derived.
Single Phase-to-Ground Fault
Assume a single phase-to-ground fault occurs on phase A at an unknown distance of the protected line length, the voltage of the phase A at the relay position is given by ( )
For phase-b-ground or phase-c-ground faults, similar equations can be derived based on Equation (3).
Double Phase-to-Ground Fault
For a double phase-to-ground fault, there is no zero sequence current. Consider a fault between phase-a and phase-b, the equation can be written as:
Equations
In the case of a three-phase fault, the zero sequence current is null and Equation (2) becomes:
Since it is a symmetrical fault, any phase can be used to determine the values k r and k l .
HHT Based Distance Relaying Scheme
Affected by various factors, such as the transient response characteristics of voltage transformer and current transformer, the distributed capacitance, etc, the parameters k r and k l obtained from DEA fluctuate up and down around the actual value frequently after a fault occurring, which might cause the relay isn't able to operate correctly. On the fault condition, direct use of DEA does not give acceptable estimates of the parameters k r and k l . Therefore, the paper introduces a HHT based distance relaying algorithm which adopts HHT to process the result from DEA. The procedure of the suggested algorithm is presented below for input data windows which contains the latest K + 1 samples. 1) Input the latest K + 1 samples to first in first out (FIFO) queue.
2) Applying DEA to obtain k r (n − K), ···, k r (n), and k l (n − K), ···, k l (n).
3) Input k r (n − K), ···, k r (n), and k l (n − K), ···, k l (n) to FIFO queue. Two data sets in the FIFO queue are follows. 
k n from normalized values to ohms (resistance and reactance) and determining whether to trip or not. The protection zone can be either Mho or Quadrilateral characteristic which can be found in any conventional distance protection relay.
Power System Simulation
In order to verify the validity of the proposed scheme in this paper, the following simulation has been conducted using PSCAD/EMTDC. The simulated model which is a 500 kV power system shown in Figure 1 . The parameters of the system model are listed below. The transmission line is 300 km, the sequence data of which are the following:
The parameters of the equivalent source reactance at bus A are: Mho relay was selected to decide whether to trip or not and the relay settings for zone 1 was set to reach 80% of the line length.
To evaluate the performance of proposed algorithm, the following algorithms were compared: 1) The differential equation algorithm (DEA). It is direct use of algorithm described by Equations (3)- (5).
2) The least-square (LS) estimate based algorithm. This algorithm was presented in [11] . The data window is a quarter-cycle of fundamental signal.
3) The HHT based algorithm. It is the algorithm presented in this paper. Figures 2 and 3 show the simulation results of the above algorithms. After a fault occurring, the results calculated by DEA fluctuate up and down around the actual value frequently, which might lead to mal-operation of the relay. Therefore, it is not acceptable estimates. The LS estimate based algorithm is not very accurate and its operation time is half a period. The HHT based algorithm seems the most precise algorithm and its operation time is about 6 -8 ms. The operation time of HHT based algorithm has been simulated for single phase to ground fault and double phase fault at the location 10%, 50%, 90% of the protected zone. The operation time consists of impedance calculation and tripping decision. The fault resistance was set to zero ohm for all cases. Tables 1 and 2 show the simulation results. The proposed algorithm improves the convergence time of DEA algorithm.
To analysis the effect of varying the fault resistance, the proposed algorithm has been simulated for single phase to ground fault and double phase fault considering different fault resistances (0, 3, 6, 9, 12 and 15 Ω). Two cases are presented here. In the first case, the faults occurred at the location 95% of the protected zone. The phase difference between the source generator E S and the source generator E R varied from −30˚ to 30˚. In the second case, the faults occurred at the location 105% of the protected zone. The phase difference between the source generator E S and the source generator E R varied from −45˚ to 45˚. Figure 4 shows the estimated impedance for different fault resistances. 
Conclusion
The paper has suggested the HHT based scheme to improve the performance of EDA. The scheme employs Hilbert-Huang transform (HHT) to extract high-frequency components of the results of DEA. Through empirical mode decomposition (EMD), the intrinsic mode functions (IMF) of high frequency harmonics are separated out, and the residue which has monotonic trend is used to evaluate the impedance of faulted line. The proposed scheme improves the convergence time of DEA and accuracy in impedance estimating. Simulation results show that the operation time is around 6 -8 ms.
